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1 Introduction

The proposal to consider modulation diversity [1]

 REF _Ref48631667 \r \h 
[2] in the OFDM study item during the last meeting (#32) triggered a couple of questions and comments. The most essential was the question why modulation diversity need be considered only within the OFDM study item. The claimed benefits as such were not questioned, but it was suggested that the concept of modulation diversity would have general applicability to WCDMA modulation as well, and hence would be beyond the scope of the OFDM study-item [3].

In this document we dismiss the perception that the modulation diversity is also applicable to WCDMA. We show that, applied to WCDMA, modulation diversity does not yield a performance gain and we explain why. Furthermore, we explain why particularly OFDM, more than other modulation schemes, benefits from modulation diversity.

Besides this question, the two additional questions from the previous meeting are addressed in this contribution as well: the relevance of modulation diversity in systems employing link adaptation, and whether the modulation diversity have any effects on 16QAM-modulated OFDM.
Based on the basics of the diversity mechanisms, Section 2 explains why a CDMA receiver does not benefit from modulation diversity and why an OFDM receiver does. This section also contains simulation results that confirm this, and in many relevant scenarios show that the modulation diversity even slightly deteriorates the WCDMA radio link performance. Section 3 shows that the diversity gains we have claimed in earlier contributions [1]

 REF _Ref48631774 \r \h 
[4] also appear when the BLER-evaluation is done as a function of the instantaneous SNR. Finally, Section 4 shows that modulation diversity also improves the performance of 16QAM-modulated OFDM.

Once key questions about modulation diversity have been resolved, Section 5 concludes this document with the proposal to consider modulation diversity in the OFDM study item and to include the companion text proposal [5] in the TR [3].

2 Effects of modulation diversity on WCDMA

This section addresses the question whether modulation diversity can improve CDMA systems.

Essential for the frequency-diversity performance of CDMA is the fact that the RAKE receiver performs maximum ratio combining, which is known to capture the available multi-path- or frequency diversity. Opposite to CDMA, an OFDM receiver does not by itself provide such a mechanism to capture the channel’s frequency diversity. Therefore, raw BER performance of an OFDM system is, in general, inferior to that of CDMA with a RAKE-receiver, as illustrated in Figure 1.

Because the RAKE receiver captures the available frequency diversity in an optimal way, no frequency diversity remains left after the RAKE. Modulation diversity (which would de-interleave the I- and Q- components of the decision variable after the RAKE and before detection) as a means of catching frequency diversity, is therefore likely to have little effect. 

High-speed channels also provide time-diversity. Unlike frequency diversity, time-diversity is not captured in the CDMA RAKE receiver. Modulation diversity could, therefore, potentially capture some of this time-diversity. However, interleaving in the system under investigation is restricted to within one TTI, and for most of the relevant channels, not much time diversity is available during this time period (2 ms). Figure 2 illustrates a typical attenuation pattern of the Vehicular A channel with 30 km/h and it is clear that the channel profile varies faster in the frequency direction than in the time direction. For speeds up to 120 km/h this characteristic is, in general, dominant.
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Figure 1: raw BER for OFDM and WCDMA (1 code (left), 5 codes (right)) in the Vehicular A, 120 km/h.
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Figure 2: Sample of the channel attenuation in time- and frequency, during a TTI (2ms) and in the system's bandwidth (4.5 MHz).

OFDM systems do not capture the frequency diversity by themselves and, therefore, must employ additional means to exploit these beneficial effects of multi-path transmission. This is well known and recognized, and textbooks usually propose to apply a conventional error-correcting code across the tones. Well-designed codes are shown in the literature to have the capability to capture the frequency diversity. A fair comparison of OFDM and other modulation schemes is then done by means of the coded error rate.

In the current OFDM SI, the turbo-code defined in the current specification [6] has been applied to the OFDM modulation. The current report of the OFDM study item [3] does, however, not mention the critical role of the turbo code as a means of capturing the frequency diversity. In fact, apart from reasons of compatibility, there is no motivation at all why OFDM modulation should be combined with the 3G turbo-codec. Without a study of this aspect, it is far from obvious whether the turbo code has the capability to capture the frequency diversity.

In a number of recent contributions, see e.g. [4]

 REF _Ref48631664 \r \h 
[1], results on modulation diversity essentially show that the higher-puncturing schemes of the turbo-code are badly suited for the task of capturing frequency diversity. Therefore, the addition of modulation diversity brings significant gains, as we have demonstrated.

The following simulations confirm the above. We consider a multi-code CDMA system employing 5 HSDPA codes and a rotated QPSK constellation. Then, 2 scenarios are simulated: one with component interleaving (the real and imaginary parts are interleaved over the 5 codes and over the 480 consecutive symbol-periods in the TTI) and one without. For comparison an OFDM system with a similar data rate is simulated with and without modulation diversity.

Table 1: Simulation parameters

	Parameter
	Value

	OFDM parameters
	Set 2, see [3]

	Transport blocksize 
	5x640 information bits + 24 CRC-bits – rate 2/3 (1600 kbps)

	Number of raw bits per TTI
	5x960 raw bits (480 R-QPSK constellation symbols)

	Mapping onto TF grid 
	OFDM
	5 channels according to Mapping C, see [7] (5x40 data-subcarriers/OFDM symbol)

	
	CDMA
	5 OVSF codes with SF=16

	Modulation diversity
	Rotation angle 26.6O, see [4]

	OFDM unit interleaver
	I = [1 2 … 12] and I = [7 8 … 12 1 2 … 6], (I- and Q-branch respectively), see [7]

	Channel model
	VA120, VA30, PA3 and PB3

	Channel estimation
	Ideal

	Nr of simulated transport blocks
	Monte Carlo simulations stopped after 200 detected block-errors or after 20000 processed blocks.

	Turbo decoder
	Max-log-MAP-based, up to 8 iterations


Figure 3 shows the average BLER versus the instantaneous SNR for 5-code WCDMA and OFDM. It is clear that WCDMA does not gain from modulation diversity and in general even looses some tenths of a decibel, whereas OFDM gains 0.8–1.2 dB at 10% BLER.

It might be worth mentioning that some initial simulation results not shown in this document indicate that the performance of a WCDMA-link employing more than 5 parallel codes is more limited by the inter-code interference. This interference becomes dominant at low SNRs and typically an error floor occurs at higher BLERs. The OFDM link does not exhibit this effect because orthogonality is guaranteed even for high loads. For the 5-code CDMA simulations the error floor appears at slightly higher SNR and at a BLER of about 0.1%. The first signs of an error floor can be spotted even in Figure 3.

This behavior confirms the earlier statement that the turbo-code is not as good as the RAKE receiver in capturing frequency diversity. If we insist in combining OFDM with the current turbo codec, modulation diversity can bridge a part of the gap and capture some of the remaining diversity, as is illustrated in Figure 3.
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Figure 3: OFDM comparison with 5-code-WCDMA.

3 The relevance of modulation diversity in systems with link adaptation

Instantaneous SNR is defined as the ratio of the total received signal power (the signal prior to any receiver processing) during a TTI to the average noise power in the signal’s bandwidth. In systems employing link adaptation this is a more relevant measure than the average (or long-term) SNR, whose use is a common practice in the evaluation of other systems.

The BLER for a certain instantaneous SNR can be computed by integrating (in an analysis) or averaging (in a Monte Carlo simulation) over all the outcomes of the fading channel that yield the particular SNR at the receiver. Since the channels are multipath there are many different channel outcomes with different instantaneous frequency characteristics that yield the same instantaneous SNR value at the receiver. In other words, the averaging operation still allows for frequency diversity to be captured in the receiver.

In the previous chapter all the simulations were shown versus the instantaneous SNR. Note that all the gains, claimed in the previous contributions remain in the new evaluation measure. Figure 4 shows the results for the instantaneous SNR simulations of QPSK with code rate ¾. Note that the gains are even  higher (here 3 to 4 dB) than the results presented in [1] for the long-term SNR. Moreover, in particular the Pedestrian-A, 3 km/h channel, which only exhibited a small gain in the long-term SNR, now exhibits a much larger gain.
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Figure 4: Code rate ¾.

4 Modulation diversity with 16QAM-OFDM

Another question at the previous meeting related to the potential gains of modulation diversity when combined with 16QAM. Figure 5 illustrates the BLER performance of a 9O rotated 16QAM constellation for VA120 and PB3. Note that as for QPSK, a performance gain occurs, here between 0.2 and 0.5 dB at 10% BLER. Figure 6 illustrates the same scenario with a code rate of ¾. Here gains are about 0.3—0.4 dB at 10% BLER.
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Figure 5: 16QAM results for VA120 and PB3. Code rate 2/3.
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Figure 6: 16QAM results for VA120 and PB3. Code rate ¾.

5 Conclusion

This document answers remaining questions on modulation diversity. We dismiss the perception that the modulation diversity is also applicable to WCDMA and we explain why particularly OFDM, more than other modulation schemes, benefits from modulation diversity. We also show that 16QAM-OFDM benefits from modulation diversity and that it improves systems employing link adaptation. Modulation diversity is therefore right in the heart of the OFDM study item. We suggest to consider modulation diversity as a part of the OFDM-based physical layer.
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